A vane used in a low pressure end of steam turbine is usually fixed to an inner shroud and an outer ring by welding both ends. In such a vane structure, the damping in loading operation is comprised of the material damping and the aerodynamic damping, because the structural damping is very small. In such a steam turbine vane, the total damping may become negative, and the flutter may occur under the high loading condition. Therefore, in the design of the steam turbine vane, it becomes indispensable to evaluate the stability under the high loading condition. In this study, first, the vibration characteristics of steam turbine vane with grouped vane structure are examined in detail by use of the results of FE analysis. Second, the reduced order model (the equivalent spring-mass model) of the whole vane structure is assembled, based on the results of FE analysis. The stability analysis of the whole vane structure is carried out using the reduced order model, and the effect of the design parameter of the vane on the flutter is clarified. Finally, the mistuning analysis of the whole vane structure is carried out, using the Monte Carlo simulation, and the effect of the frequency deviation on the stability is clarified.
Fig. 3 Natural frequency and vibration mode of whole vane with harmonic number k=6. The red parts correspond to the large amplitude, while the blue parts correspond to the small amplitude. In the segment mode family, the amplitude of the inner shroud becomes large. In the Toop mode family, the amplitude of the shroud becomes nearly zero like a fixed-fixed vane. As a result, since the structural coupling between the adjacent segments becomes small, the natural frequencies of the Toop mode family become nearly the same. Natural frequency and vibration mode of whole vane with continuous ring structure. Also in case of the continuous ring structure, the natural frequency becomes nearly equal to that of the fixed-fixed vane if the number of nodal diameters of the vibration mode k is beyond 6. The vibration modes also become similar to the Toop modes and the natural frequencies hardly change if the number of nodal diameters k is greater than 6. Fig. 11 Travelling wave of Toop mode with minimum damping ratio (k sc =0, k rc =0). The figure denotes the real and imaginary mode corresponding to the most unstable Toop mode, and the Fourier components of its travelling mode. When the coupling effect between sectors does not exist (k sc =k rc =0), several Fourier components appear in the travelling wave mode. The difference of the number of the dominant Fourier component is equal to the number of the sectors N s . Fig. 12 Travelling wave of Toop mode with minimum damping ratio (k sc /k s =1, k rc /k r =1). The figure denotes the real and imaginary mode corresponding to the most unstable Toop mode, and the Fourier components of its travelling mode. When the coupling effect between sectors is large, that is, in case of the continuous ring type structure, only one Fourier component appear in its traveling wave mode, and forms the complete sinusoidal travelling wave. Fig. 13 Effect of unsteady force on stability of Toop mode (Unsteady force is reduced to 1/20) . When the unsteady force is reduced to 1/20, the root locus for the continuous ring type structure (k sc /k s =1, k rc /k r =1) hardly changes. On the other hand, the root locus for grouped vanes without the structural coupling (k sc =k rc =0) is split into 5 gropes, which is corresponding to each Toop mode in Fig. 8 . Damping ratio
Fig. 14 Effect of number of vanes per packet on stability of Toop mode. In the grouped vanes without the structural coupling （k sc =k rc =0）, as the number of vanes in a sector increases, the vibration mode becomes close to the sinusoidal wave and slightly unstable. In the grouped vanes with the realistic structural coupling (k sc /k s =0.05, k rc /k r =1), the effect of the number of vanes in a sector on the stability can be neglected. 
Normalized frequency
Damping ratio Fig. 15 Effect of vane alone frequency on stability of Toop mode. If the unsteady aerodynamic force is constant, the minimum aerodynamic damping is nearly and inversely proportional to the vane stiffness. That is, the effect of the vane frequency on the stability becomes very large. . If the variation of the vane stiffness becomes large, in other words, if the variation of the vane alone frequency becomes large, the cumulative probability of the negative damping of a whole vanes becomes smaller. Therefore, the mistuning has the effect of stabilizing the Toop mode of vane.
